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Introduction
UO 2 is the primary conventional fuel used in most nuclear reactors. It can, however, be mixed with other actinide oxides such as PuO 2 and ThO 2 to make mixed oxide fuel (MOX). Transmutation of U 238 to Pu 239 during reactor operation means that fuel effectively becomes a (U, Pu)O 2 solid solution. (U, Pu)O 2 , as a fresh fuel, is also a viable route for Pu burning [1] . There is also a growing interest in using Th based nuclear fuel due to its abundance and promising properties [2, 3] . However, while Th is fertile it is non-fissile so it needs to be blended with a fissile isotope such as U 235 or Pu 239 to make (U, Th)O 2 or (Th, Pu)O 2 . There are~40 reactors worldwide licensed to use MOX [4] . Understanding how the compositions of these mixed oxides affect their thermophysical properties is of importance for safe and efficient reactor operation and a substantial body of experimental and modelling work is being carried out to investigate these properties [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
Burnable poisons are used in nuclear fuels as neutron absorbers to produce a more level distribution of power, geometrically and temporally in the reactor core, reducing the necessity for a large control system. The gadolinium isotopes Gd 155 and Gd 157 are commonly chosen as dopants due to their large neutron cross sections and because they are soluble on an atomic scale in the ceramic fuel pellets (forming a solid solution) [23] [24] [25] [26] [27] [28] . The amount of Gd 2 O 3 added as a burnable absorber varies, from 1-1.5 wt% in boiling water reactor fuel to 6-10 wt% Gd 2 O 3 in pressurised water reactor fuel [29, 30] . Even if Gd is not added during fuel manufacturing, Gd will be introduced into the fuel during reactor operation as it is formed as a fission product Email address: r.grimes@imperial.ac.uk (R. W. Grimes) (although this will be of a lower concentration). The simulations conducted in this paper have a Gd content of~3 wt%.
Previous experimental studies have found that oxygen self diffusion in UO 2 containing Y 2 O 3 is faster and occurs with a lower activation enthalpy than in pure UO 2 [31, 32] . Similarly, work on the electrical conductivity of ThO 2 − Y 2 O 3 solid solutions show that the incorporation of Y 3+ increase the concentration of oxygen vacancies and as a consequence oxygen diffusion is more rapid [33] . Addition of other trivalent ions such as Gd 3+ ions may therefore also increase the concentration of oxygen vacancies, leading to oxygen diffusivity in nuclear fuels. This would follow if Gd 3+ ions substitute for tetravalent actinide ions with charge compensation provided by oxygen vacancies:
Previous work has focused on the thermophysical properties and oxygen transport of (U, Pu)O 2 , (U, Th)O 2 and (Th, Pu)O 2 [9-14, 16, 20] and how they are changed as a consequence of mixed actinide composition. For UO 2 , PuO 2 , ThO 2 and MOX [9, 10, 13, 18, 19, 34, 35] there is a deviation from linear thermal expansion and a classical Debye description of the constant pressure specific heat above 1300 K. Similar effects were reported in urania-gadolinia where a dramatic increase in specific heat occurs at elevated temperatures [36] . Krishnan et al. [36] suggest that the increase in heat capacity might be due "to predominant contribution of formation of Frenkel pairs of oxygen" resulting from the UO 2 being doped with aliovalent cations. However, the specific heat was studied between 300-900 K and for UO 2 it is suggested the lattice contribution with a small contribution of 5f electron excitations can account for the increase in specific heat over this temperature range [37, 38] . For UO 2 , PuO 2 , ThO 2 and MOX a superionic transition [39] is known to occur at temperatures greater than~2000 K. Further, X-ray and neutron diffraction experiments by Ruello et al. [40] provide evidence that an electronic disorder can be attributed to the deviation from Debye behaviour at 1300 K.
Using molecular dynamics (MD) this paper investigates oxygen transport in Gd doped (U,Pu)O 2 , (U,Th)O 2 and (Pu,Th)O 2 , between 1000-3200 K. Comparisons are drawn with previous work carried out on oxygen transport in the undoped systems [9, 10, 13] .
Methodology

Potential model
MD simulations are carried out using the large-scale atomic/molecular massively parallel simulator (LAMMPS) [41] where the interatomic forces were described using the Cooper, Rushton and Grimes (CRG) [42] potential 1 . This combines a pair potential with a many body contribution using the embedded atom method of Daw and Baskes [43] . The Gd-O parameters employed in this study have been used successfully to model oxygen diffusion in strained Gd doped ceria [44] . The CRG approach accurately reproduces the experimentally determined thermal expansion, elastic constants and melting points of UO 2 , PuO 2 and ThO 2 [17] . This is important as to describe oxygen transport properties the potential must describe the thermal expansion accurately [44] . Moreover, the CRG potential approach has been used previously to investigate oxygen transport in MOX [9, 10, 13, 45] .
Calculation details
The simulation cells were constructed by repeating the M 4 O 8 cubic fluorite unit cell 10 times in the three orthogonal directions. For each MOX five compositions were investigated: the two end members, a 25 % − 75 %, 50 % − 50 %, and a 75 % − 25 %. For each of the mixed actinide cells, 10 distinct structures, each with actinide cation positions assigned randomly were created for each composition. For each composition, averages of oxygen diffusivity over the 10 structures were taken. Simulations were performed for (U x Pu x−1 )O 2 , (U x Th x−1 )O 2 , (Th x Pu x−1 )O 2 each with 5% of the tetravalent cations randomly replaced with Gd (i.e replacing 200 actinide cations with Gd 3+ ions). For the system to be charge neutral 100 random oxygen vacancies were introduced (O vacancies were used rather than cation interstitials [23] ). Conjugate gradient static energy minimization, with the system size allowed to change, was used to allow each of the structures to find its local energy minimum. Following this, an MD run with an isobaric-isothermal (NPT) ensemble was carried out for 30 ps. The first 10 ps was used to bring the system up to the desired temperature and then the system was allowed to equilibrate at the target temperature for 20 ps. An average was taken over the last 10 ps and the systems lattice parameter was changed to the obtained average. The simulation was then run for a microcanonical (NVE) ensemble for 1 ns. For all MD simulations Nosé-Hoover barostat and thermostat relaxation times of 0.5 and 0.1 ps were used respectively. An MD timestep of 1 fs was used throughout. Subsequently, the oxygen mean squared displacement (MSD), R 2 O , was calculated and the diffusivity, D, was determined using equation 2,
where t and d are the time and the number of dimensions (here d = 3) over which diffusion was calculated respectively. For all simulations in this paper, stoichiometry remains constant as a function of temperature.
Results and Discussion
Oxygen Diffusion
Figures 1,2 and 3 depict the oxygen diffusivity, D, plotted on a log scale as a function of 1/T for different actinide compositions of the Gd doped (U,Pu)O 2 , (U,Th)O 2 and (Pu,Th)O 2 systems. Therefore, an Arrhenius relationship is being tested where the activation energy for oxygen diffusion (H a ) is proportional to the gradient of the graph:
where D 0 is the pre-exponential, k B is the Boltzmann constant and T is the temperature. The error bars in all the figures indicate the standard deviation.
Comparing the oxygen diffusivities of the pure UO 2 , PuO 2 and ThO 2 systems with the Gd doped systems (see figure 4) it can be seen that for the doped systems, at lower temperatures, the oxygen diffusivity is raised by orders of magnitude. This occurs until contributions from thermally activated (intrinsic) oxygen defects exceeds that of the doped (extrinsic) defects, corresponding to an increased gradient (discussed later). Above this temperature and into the superionic transition the doped and undoped cases are the same (see Appendix). Turning now to the Gd doped MOX systems, each of the oxygen diffusivity graphs shown in figures 1,2 and 3 depict three regions of constant gradient, suggesting three different diffusion regimes. It has been shown previously [9, 10, 13] for the undoped (U x Pu x−1 )O 2 , (U x Th x−1 )O 2 , (Th x Pu x−1 )O 2 systems that the MD data is consistent with two diffusion regimes, with the change in diffusion regime occurring at high temperature due to a superionic transition. At low temperatures each doped system has a low oxygen migration activation energy as the system has an oxygen vacancy concentration dominated by Gd doping, which is independent of temperature (see figures 5, 6 and 7). Therefore, only the hopping energy is included in the activation energy, not the formation energy for oxygen vacancies. As the temperature increases the thermal equilibrium concentration of oxygen vacancies begins to overtake the fixed extrinsic concentration. The oxygen vacancy concentration is now temperature dependent. Thus, the oxygen vacancy formation energy (which is large compared to the hopping energy) and the hopping energy both contribute to the activation energy. Consequently the Arrhenius plots (figures1, 2 and 3) show diffusion to be more heavily dependent on temperature so that the middle region exhibits a steep gradient. At higher temperatures above the superionic transition, no more oxygen defects can be formed. There is, therefore, no longer a temperature dependent change in defect concentration. There is still a hopping energy associated with the movement of oxygen ions, however, the formation energy no longer contributes and the activation energy is once again small (see figures 5, 6 and 7). Although similar, the hopping energy is not exactly the same at high temperature as at low temperature because the lattice has changed due to the superionic transition (i.e. the oxygen sublattice has become completely disordered after the superionic transition).
Compositional Dependence of Diffusion
The diffusivity predictions are now shown as a function of actinide composition (figure 8) and compared with previous data for undoped MOX systems (figure 9). It was predicted previously that enhanced oxygen diffusivity occurs for (U x Pu x−1 ), (U x Th x−1 ) and (Th x Pu x−1 ) at temperatures under the superionic transition [13] (i.e. diffusivity is greater than just a linear interpolation from the end members). Further, this enhanced oxygen diffusivity is greater in the U-Th and Pu-Th cases due to the greater lattice parameter mismatch. It has been suggested that the oxygen defect formation enthalpies contribute to this enhanced diffusion [9, 10, 13] ). In the mixed compositions oxygen vacancy formation energies are lower and thus concentrations are higher. For the same Gd doped MOX systems however, enhanced oxygen diffusivity is not observed. This is because oxygen defect concentrations are already much higher due to the requirement to charge compensate for the Gd dopant concentration (as mentioned in section 2.2). These bring about oxygen diffusivities higher by orders of magnitude at lower temperatures (as seen by comparing figures 8 and 9).
As the temperature reaches the superionic region there is very little difference between oxygen diffusivities of Gd doped and undoped MOX systems (figures 8 and 9). This is expected as the oxygen vacancy concentration becomes temperature independant within the superionic region as the systems become saturated with oxygen defects [9] . Therefore, the hopping energy is the dominant component in oxygen diffusion and the effect of the vacancy enhanced diffusivity observed at lower temperatures in figure 9 , for undoped MOX, no longer contributes. The current results on the Gd-doped MOX therefore indicate that a mixed cation lattice has only a small impact on the oxygen hopping energy compared to the impact on the oxygen defect formation enthalpies.
Conclusions
MD simulations were performed to examine the effect of oxygen transport in different mixed actinide compositions of~3 wt% Gd doped (U x Pu x−1 )O 2 , (U x Th x−1 )O 2 and (Pu x Th x−1 )O 2 . Results were compared to those for the undoped systems. Three different gradients, which were identified on an Arrhenius plot suggesting three different diffusion regimes for oxygen in the Gd doped systems while only two gradients are seen for undoped systems. The change in gradient at high temperatures (above 2700 K) can be associated with the superionic transition [9, 10, 13] . Below the superionic transition temperature there was a clear difference (by orders of magnitude) when comparing the oxygen diffusivity of the Gd systems against the undoped systems. The Gd doped systems have much higher oxygen diffusivity compared to their undoped counterparts. This is a consequence of the pre-existing oxygen vacancies in the doped system necessary for charge balance, when Gd 3+ ions replace tetravalent actinide cations. For Gd doped systems, this is the origin of the different gradients of the oxygen diffusivity. At low temperatures there is a low activation energy associated with a hopping energy of the oxygen atom as oxygen vacancy formation does not contribute. For temperatures between 2000-2500 K the activation energy increases as it includes both the hopping energy and the thermally activated energy to create oxygen vacancy defects via Frenkel disorder. Above~2700 K the superionic oxygen sublattice is saturated with defects, therefore the Frenkel pair formation energy no longer contributes and there is a decrease in the activation energy in line with that of the undoped system. Thus, the enhancement in oxygen diffusivity in undoped MOX compared to the pure end members (predicted previously [9, 10, 13] ) is not in operation even if the systems are doped with~3 wt% Gd. This indicates that previous conclusions regarding enhanced oxygen diffusivity in MOX are not relevant if Gd is incorporated as a burnable poison (or presumably if trivalent cations are formed by other mechanisms). Nevertheless, for each of the Gd doped systems the oxygen diffusivity is raised by at least an order of magnitude compared to the undoped systems. In this work however, the charge compensation mechanism is via oxygen vacancy creation. Under certain oxidising conditions, the U 5+ ion may be the preferred charge compensation mechanism for Gd, in which case further MD studies should be carried out to determine if oxygen diffusivity is enhanced in MOX systems under such conditions. Nuclear Security Administration of the US Department of Energy under Contract No. DE-AC52-06NA25396. Figure 10 shows the oxygen diffusivity as a function of temperature for different concentrations of Gd (and therefore oxygen vacancies) in UO 2 . At lower temperatures there is a shift in oxygen diffusivity dependent on the fixed extrinsic defect concentration between the (U 0.99 Gd 0.01 )O 1.995 and (U 0.95 Gd 0.05 )O 1.975 compositions. There are no extrinsic oxygen vacancies (due to no dopants) in UO 2 and as a consequence, at low temperatures, the oxygen diffusivity values are much lower compared to doped UO 2 . As the temperature is increased (>2000 K) the dominant term becomes the thermally activated (intrinsic) oxygen defects and the diffusivity values for all the compositions are the same. The simulation conducted to calculate the oxygen diffusivity values for (U 0.99 Gd 0.01 )O 1.995 is the same as described in section 2.2. The (U 0.99 Gd 0.01 )O 1.995 structure was created by repeating the M 4 O 8 fluorite unit cell 22 times in three orthogonal directions compared to 10 as described in section 2.2. This allowed one simulation to be carried out as opposed to taking an average of 10 simulations on 10 distinct structures. 1% of the tetravalent cations were randomly replaced with Gd (i.e replacing 426 UO 2 cations with Gd 3+ ions) and 213 random oxygen vacancies were introduced to maintain charge neutrality. 
Appendix
